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EPR spectroscopy[Fe4S4]- and [Fe3S4]-clusters are ubiquitous iron–sulfur motifs in biological systems. The [Fe3S4] composition
is, however, of much lower natural abundance than the more typical [Fe4S4]-clusters. In the present study
formation of [Fe3S4]-clusters has been examined using chemically synthesized model peptides consisting of
33 amino acids (maquettes). Maquettes are effective synthetic analogs for metal–ion binding sites, allowing
for a facile modiﬁcation of the primary coordination sphere of iron–sulfur clusters. Maquettes have been
designed following the [FeS]-cluster-binding motif of dimethyl sulfoxide reductase subunit B (DmsB) from
Escherichia coli that carries a [Fe4S4]-cluster, but incorporates a [Fe3S4]-cluster instead uponmutation of one of
the coordinating cysteines. The time-dependent formation of iron–sulfur clusters and the effects of
exchanging selected amino acids in the model peptides, known to regulate the [Fe3S4] to [Fe4S4] ratio in the
DmsB protein, were monitored by UV/Vis- and EPR-spectroscopy. Exchange of cysteines within the conserved
CxxCxxC motif has a much stronger effect on cluster formation and stoichiometry than the exchange of a
coordinating external cysteine. Amino acid exchange in the binding motif shows a dependence of the cluster
stoichiometry on the amino acid side chain. Formation of [Fe3S4]-clusters in maquettes is less favorable
compared to native proteins. The [Fe3S4] moiety appears to be a rather transient species towards the more
stable (ﬁnal) incorporation of a [Fe4S4]-cluster. Results are best described by an assembly mechanism that
considers a successive coordination of the iron atoms by the peptide, rather than incorporation of an already
pre-formed mercaptoethanol-coordinated [Fe4S4]-cluster., Dimethylformamide; DmsB,
(E.) coli; DMSO, Dimethylsulf-
Fluorenylmethoxycarbonyl
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Iron–sulfur clusters are omnipresent prosthetic groups in proteins
that were ﬁrst characterized in greater detail in the beginning of the
nineteen sixties [1–3]. They are found in all living organisms such as
archaea, bacteria and eukaryotes [4], where they occur as [Fe2S2]-,
[Fe3S4]- and [Fe4S4]-clusters. The coordinating amino acids in these
clusters are mostly cysteines with a few exceptions like the Rieske-
clusters or the “distal” [Fe4S4] in [NiFe] hydrogenases, where one or
more of the cysteine residues are replaced by histidines [5–7].
Iron–sulfur clusters are essential components in bioenergetic
complexes such as hydrogenases [8–11], photosystem I [12] or nitrate
reductase [13], where they accomplish efﬁcient electron transfer.
Interestingly, iron–sulfur complexes have also been identiﬁed to
participate in enzymatic and gene regulation processes [4,14–17];
proteins such as aconitase can be activated and inactivated by an
interconversion of the Fe3 to Fe4 stoichiometry [16]. In the active form
of aconitase a [Fe4S4]-cluster serves as binding site for the citrate,whereas in its inactive state the protein coordinates a [Fe3S4]-cluster
[18,19]. The unique versatility of FeS clusters is mainly promoted by
the ability of the iron atoms to alter their oxidation states between+2
and +3. The occurrence of [Fe3S4] and [Fe4S4]-clusters may be due to
their different redox properties, however, the regulating factors that
control the incorporation of one or the other cluster in proteins are
still not fully understood.
In order to address these variations in stoichiometry, we have used
maquettes for [FeS] cluster formation in this study. Maquettes are
small peptides that have been used as model systems for studying
ligand–protein interactions, as they mimic the binding site of iron–
sulfur centers of proteins and thus provide useful information on the
selectivity of [FeS]-cluster incorporation, which is complementary to
that obtained from site directedmutagenesis experiments on proteins
[20]. Such approach was ﬁrst developed by Gibney et al. [21–23] and
has been successfully employed in studies related to [FeS]-cluster
formation and stability since then [24,25]. Maquettes can readily be
obtained, often in a higher yield than the native proteins, and their
small size facilitates handling and application of a large variety of
analytical methods.
The [Fe4S4]-cluster type is the most prevalent form existing in
nature and also the one most easily obtained, compared to the other
forms of iron-sulfur clusters. Therefore, it has been extensively
characterized, both in native systems and in maquettes. Most of
these synthesized peptides imitate the binding motif sequence of the
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[Fe4S4]-clusters, FA, FB, or FX [24,28]. Results have shown that the
native binding motif CxxCxxC is crucial for cluster formation and an
amino acid carrying a hydrophobic side chain following the ﬁrst
cysteine is important for cluster coordination [27].
The scope of the present study is to identify the factors that inﬂuence
the [Fe3S4]-relative to [Fe4S4]-cluster stoichiometry and to understand
the binding requirements for [Fe3S4]-clusters. As described earlier by
Rothery and Weiner [29], point mutations in the sequence of the
Dimethyl sulfoxide (DMSO) reductase subunit B (DmsB) fromEscherichia
(E.) colipromoted the formationof a [Fe3S4]-cluster on the expense of the
native [Fe4S4]-cluster. For our studies a cluster binding peptide (in the
following called CBP) with 33 amino acids in length and containing the
cluster-binding site of DmsB was synthesized. Modiﬁcations similar to
themutations described for the DmsB protein were performed for these
maquettes to gain information on possible effects of these modiﬁcations
on the cluster coordination properties. The presented results provide
further insight into the factors that govern formation of these centers in
the more complex native proteins.
2. Materials and methods
2.1. Synthesis of peptides
Peptides were synthesized on an Advanced Chemtec 348 Ω
peptide synthesizer using standard Fmoc solid phase peptide
synthesis (for amore detailed description see Supporting Information,
Table S1).
After synthesis, peptides were puriﬁed by HPLC via a Phenomenex
Gemini 5 μm C18 22×250 mm column. A gradient of acetonitrile in
water was used (Table S2). All solvents contained 0.1% triﬂuoroacetic
acid, were degassed and kept under argon prior to use. The peptides
shown in Table S2 were synthesized, based on the following sequence
of the CBP (the cysteine residues essential for cluster formation are
underlined):
TKVCPSGAMHKREDGFVVVDEDVCIGCRYCHMA
After HPLC puriﬁcation the ﬁnal yield of the peptides varied
between three and ten percent, calculated based on the amount of
resin used. The purity and composition of all peptides was conﬁrmed
by MALDI-TOF-MS (Fig. S1).
2.2. Assembly protocols for iron–sulfur clusters into maquettes
Cluster assembly into the required maquettes was carried out as
previously described [30–33], based on a protocol developed by
Lovenberg et al. [34]. All steps of the assembly and puriﬁcation were
performed in an anaerobic chamber (COY Laboratory Products Inc.),
all solutions and buffers were degassed and purged with argon prior
to use.
After synthesis, peptides were puriﬁed by HPLC via a Phenomenex
Gemini 5 μm C18 22×250 mm column and stored at −20 °C. The
assembly process was initiated at room temperature by dissolving
1 mg peptide in 50 ml of Tris–HCl buffer (50 mM, pH 8.3). To
minimize the variation in the amount of peptide used, the amount
of free thiol groups in the lyophilized peptide was determined by
Ellman's Test. Based on this, an amount of lyophilized sample that
contains 1 mg of peptide was introduced to the reaction. Separated by
20 min intervals, 0.4 ml β-mercaptoethanol, 150 μl of a FeCl3-solution
(60 mM), and 150 μl of a freshly prepared Na2S-solution (60 mM)
were added dropwise to the reactionmixture. Afterwards the reaction
mixture was incubated with different incubation times prior to
puriﬁcation. This incubation period was varied as 0, 90, 180, and
270 min to prolong the assembly and determine the optimal
conditions. The puriﬁcation process took additional 45 min at ambienttemperature, thus giving the cluster a minimum of 45 min to form
(equivalent to incubation time t=0). The reaction mixture was
concentrated in an Amicon cell (Millipore) with a 1 kDa cut-off
membrane (PLAC) to a volume of 1.5 ml. The remaining excess of low
molecular weight components was removed by two subsequent gel
ﬁltrations using Sephadex G-25 columns (GE Healthcare). The
collected dark-brown fractions contained the iron–sulfur clusters in
their oxidized form and were concentrated to the desired volume. To
yield the reduced iron–sulfur cluster the pH of the cluster solution
was adjusted to pH 10.0 by adding a 1 M glycine buffer (pH 10.0) to a
ﬁnal concentration of 300 mM. A freshly prepared sodium dithionite
solution (300 mM) was then added to yield a ﬁnal concentration of
30 mM. Subsequently, the samples (oxidized or reduced) were
immediately investigated (UV/Vis spectroscopy) or frozen (for EPR
measurements), by which the solution reaction and assembly was
terminated.
2.3. Coordination of a synthetic iron–sulfur cluster
A pre-synthesized linear (Et4N)3[Fe3S4(SEt)4] cluster [35] was
provided by Dr. K. Kulon (MPI Mülheim). For incorporation of this
pre-synthesized cluster, maquettes were dissolved in Tris–HCl buffer
(50 mM, pH 8.3). To this solution, one equivalent of the synthetic
cluster (dissolved in the minimum amount of acetonitrile to prevent
precipitation) was added slowly. Due to the high sensitivity of the
cluster towards oxygen, only degassed solvents were used. After 1 h
and after 3 h, respectively, aliquots were extracted and puriﬁed as
described above.
2.4. UV/Vis-spectroscopy
UV/Vis-spectra were recorded on a Shimadzu UV-2401 PC spectro-
meter, controlled by UVPC software Version 3.9. All measurements were
performed in gas-tight quartz cuvettes with 0.5 cm optical path length. A
calculated extinction coefﬁcient ε280=7365M−1 cm−1 [36,37]wasused
to determine the concentration of peptides containing one tryptophan
residue. For the peptides without tryptophan, the peptide concentration
was determinedby the Ellman test,which allows the quantiﬁcation of the
amount of free cysteines and consequently the peptide concentration in
the samples [38,39]. The yield of cluster assembly was determined via
monitoring theoptical absorption at420 nm(ε420=4000 M−1 cm−1 per
ironatom) [40]. Basedon the ratio of [Fe3S4] to [Fe4S4]-cluster determined
byEPR, the following extinction coefﬁcientswere calculated: CBP andCBP
F16W: ε420=16,000 M−1 cm−1; CBP C27S, CBP C27S/F16W, CBP C4F
and CBP C4F/F16W: ε420=14,000 M−1 cm−1.
2.5. Electron-paramagnetic-resonance spectroscopy (EPR)
EPR measurements were carried out with a Bruker ESP300 CW X-
Band spectrometer (operating at approx. 9.4 GHz) using a rectangular
cavity (TE102) and a continuous helium ﬂow cryostat (Oxford 910)with
a temperature controller (Oxford ITC 503). The iron–sulfur binding
peptides were transferred anaerobically to precision-calibrated quartz
tubes and frozen in liquid nitrogen. The experimental conditions for all
the measurements were chosen such that no saturation of the EPR
spectra occurred; the measurements were carried out at 10 K, the
modulation amplitude used was 1 mT and the optimum microwave
power was chosen to be 20 mW. The g-valueswere calibrated using the
Strong-Pitch as a standard (g=2.0028). The ﬁrst-derivative EPR spectra
were simulated using the MATLAB (Mathworks) based EasySpin
simulation software [41] by taking into account A- and g-strain effects
contributing to the inhomogeneous linewidth of the EPR lines. For the
determination of the relative ratios of the different iron–sulfur cluster
yields, the second integrals of the simulated as well as the base-line
correctedEPR spectrawere compared [42] (Fig. S2). TheAasa–Vänngård
factor was included as a correction for the anisotropic transition
Fig. 1. Homology structure model of the CBP (gray color) overlaid on the E. coli nitrate
reductase (chain B), amino acids 193 to 226 (PDB ID: 1Q16) that coordinates a [Fe3S4]-
cluster (magenta color). The numbering of cysteines refers to the position of the amino
acid in the synthesized peptides. Nitrate reductase carries a tryptophan (not shown) at
the position 27, in which CBP carries a cysteine (Cys27). The homology model was
created using the protein structure prediction server (pS2) and alignment of the
structures was performed with the Swiss PDB-Viewer. Alignment of the sequences was
carried out using the CLUSTALW server. The amino acids marked in yellow are cysteines
in the native sequence that function as coordination sites for the iron–sulfur cluster.
Fig. 2. Characteristic UV/Vis absorption spectra for the CBP C27S/F16W double mutant
case (50 mM Tris–HCl, pH 8.3). Black trace: oxidized sample; gray trace: dithionite
reduced sample. The absorption band at 420 nm is characteristic for iron–sulfur clusters
originating from ligand-to-metal charge transfer.
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conditions were equal in the oxidized and dithionite reduced samples
(i.e. modulation amplitude, microwave power attenuation, magnetic
ﬁeld scanwidth, receiver gain, sample diameter and temperature) [43].
The broad features in the background of the spectra were not included
for the evaluation of the ratios of the iron–sulfur cluster signals (these
were ﬁtted with polynomials and subtracted prior to integration). The
broad background may originate from paramagnetic degradation
products in the sample solutions. In the reduced samples the
contribution of the residual oxidized [Fe3S4]-cluster was subtracted
prior to integration of the signals. The expected error is within±7–10%.
3. Results and discussion
3.1. Design of maquettes
For the design of the peptide maquettes, the well-studied 205
amino-acid electron transfer subunit B of the DMSO reductase
(DmsABC) from E. coli was used. It contains 16 cysteine residues,
arranged in four groups (I–IV), each of them coordinating a [Fe4S4]-
cluster. As previously described by Rothery et al. [29], point mutation
of the cysteine residue in position 102 (corresponding to Cys27 in the
here synthesized peptides) to tryptophan, serine, phenylalanine and
tyrosine, resulted in the incorporation of a [Fe3S4]-cluster instead of
the native [Fe4S4]-cluster. The sequence of the synthetic cluster-
binding peptide (CBP) was chosen to be 33 amino acid long, small
enough to allow for a convenient synthesis with a good yield but also
sufﬁcient in length to provide insight into the minimal requirements
for iron–sulfur cluster coordination as well as a possible [Fe3S4]
assembly.
A homology model for the synthesized CBPs was constructed
(Fig. 1, top), using the iron–sulfur cluster binding motif of the E. coli
nitrate reductase (NarGHI-Chain B) as template, for which a crystal
structure is available. This protein binds a [Fe3S4]-cluster and exhibits
the highest sequence similarity to DmsB.
A comparison between both sequences reveals a high similarity to
the common binding motif of CxxCxxC (for Cys24, Cys27, and Cys30 in
CBP), which is complemented by a fourth cysteine (Cys4 in CBP). Both
protein sequences have cysteines 4, 24 und 30 in common to coordinate
the clusters. However, the [Fe3S4]-binding nitrate reductase carries at
the position corresponding to Cys27 a tryptophan residue instead. In
CBP the Cys27 serves as the coordinating residue for a fourth iron atom.
The amino acid in position 27 thus seems to be pivotal for the
coordination of either three or four iron atoms during cluster assembly.
Therefore, this residuewas selected for amino acid exchanges, following
earlier mutations of the amino acid at that particular position [29].
Tryptophan, serine, tyrosine or phenylalanine were introduced instead
of cysteine into the maquettes (C27W, C27S, C27Y, C27F), and in
addition to the changes reported in the literature, threonine and valine
were also inserted (C27T, C27V). In a second series of synthetic peptides,
cysteine 4 was exchanged to tyrosine and phenylalanine (C4Y, C4F). In
some cases phenylalanine 16 was exchanged to tryptophan, which
served as a UV/Vis marker (F16W).
3.2. Synthesis of peptides and iron–sulfur cluster assembly
The molecular mass for all puriﬁed peptides was determined by
MALDI-TOF MS measurements; it correlates well in all cases with the
values calculated (see SI). The puriﬁed peptides were then used for
cluster assembly according to the protocol described above. Formation
of the iron–sulfur clusters was monitored by UV/Vis-spectroscopy (see
Fig. 2 for a speciﬁc example (CBP C27S/F16W)).
In the spectrum of the oxidized sample a broad, unstructured
absorption around 420 nm is characteristic for the formation of [FeS]-
clusters; it arises from a ligand-to-metal (Cys-S/Fe2+) charge-transfer
[44]. Since the [Fe3S4]- and the [Fe4S4]-clusters show very similar UV/Vis spectra, absorption spectroscopy does not allow distinguishing the
individual yields. Reduction with dithionite causes a ~90% loss in the
intensity of the absorption at 420 nm. Such a decrease is typical for the
reduction of [Fe4S4]-clusters [24]. The increase in the absorption
intensity in the region below 400 nm (reduced sample) is due to the
dithionite added to the solution [22].
In order to determine the yield of the cluster assembled in relation
to the amount of peptide present, a tryptophan residue at position 16
was inserted into CBP, CBP C27S and CBP C4F, yielding the peptides
CBP F16W, CBP C27S/F16W and CBP C4F/F16W, allowing to monitor
Fig. 3. Continuous wave EPR spectra of the assembled iron–sulfur-clusters in CBP C27S
after various incubation times applied prior to the 45 min puriﬁcation. a): cw EPR spectra
of the oxidized samples showing signals characteristic of an assembled [Fe3S4]1+-cluster.
The spectrum is predominantly isotropic with a giso=2.007. The presence of a high-ﬁeld
feature at g=1.96 and the lineshape of the spectrum indicate a distribution in cluster
conformations. b): cw EPR spectra of the respective dithionite-reduced samples. The
spectra are typical of a low potential [Fe4S4]1+-cluster with principal g-values: 2.04 (gz),
1.93 (gy) and 1.89 (gx). A simulation of the spectra at t=0 min (incubation time) is shown
with dashed lines. Experimental parameters: temperature 10 K, microwave frequency
9.421 GHz, modulation amplitude 1 mT, microwave power 20 mW.
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cluster assembly was found to be around 20% (25% for CBP F16W, 17%
for CBP C27S/F16W and 23% for CBP C4F/F16W) with an error of ~7%.
These values are consistent with the yields found for the cluster
assembly of other iron–sulfur cluster binding peptides studied in our
group [24]. The amount of the clusters formed appears therefore to be
rather associated with the assembly procedure than controlled by the
respective peptide sequence, which seems to have only a minor
inﬂuence on the yield of the clusters formed.
With the peptides CBP (“wild-type-like sequence”), CBP F16W,
CBP C27S, CBP C27S/F16W, CBP C27Y, CBP C27T, CBP C4F, CBP C4F/
F16W and CBP C4Y iron–sulfur clusters were successfully formed in
various yields. In particular the C27Y and the C4F variants formed in
only 10% yield of the commonly obtained amounts, however, this
observation was not followed further in detail (see below). No
detectable iron–sulfur cluster formation could be observed for CBP
C27F, CBP C27V and CBP C27W variants under any conditions. This
suggests that introduction of non-polar amino acids such as
phenylalanine, valine and tryptophan in position 27 precludes cluster
formation. A similar behavior was also observed for some mutations
in native proteins [20] though no correlation with the polarity of the
introduced amino acid was described. Interestingly, modiﬁcation of
this cysteine (27) to serine, threonine and tyrosine allowed a
successful cluster assembly, indicating that the polarity of the residue
in this position may indeed determine the assembly of an iron–sulfur
cluster. For amino acids carrying polar hydroxyl-groups in their side
chains, the hydroxyl-group appears to at least partially compensate
for the removal of the thiol group of the cysteine 27 residue. The
results (in direct comparison) obtained for tyrosine (cluster forma-
tion) and phenylalanine (no cluster observed), as well as for
threonine (cluster formation) and valine (no cluster observed),
suggest that the steric demand of the introduced amino acid is of
less importance for the cluster formation compared to its polarity. The
exchanges introduced reveal that residues with side chains of
comparable size result in a different cluster formation behavior,
whereas amino acids of different size but of similar polarity show a
comparable assembly behavior (tyrosine, threonine: cluster formed;
phenylalanine, valine: no cluster formed).
The present results are different from those previously described
by Rothery et al. [29] characterizing the full-length DmsB protein and
the effects of mutations performed in their experiments. Cluster
formation was observed for all mutants and no dependence on the
polarity of the introduced amino acid was described. This discrepancy
is most likely attributed to the differences in the electrostatics and the
local surrounding of the cluster. Since DmsB is a large and relatively
rigid protein, with a preformed binding site, a single mutation might
not sufﬁciently affect the structure to change the binding site and
thereby prevent cluster formation. The here employed peptides are of
smaller size and show a greater ﬂexibility, thus allowing a larger
structural rearrangement, in case a steric hindrance is introduced by
an amino acid exchange. As the binding site is not preformed in these
small peptides, it is necessary that this amino acid carries a slightly
polar side chain that can most likely stabilize the cluster, either by
interaction with the solvent or the dissolved iron ions and thus enable
cluster formation.
3.3. [Fe4S4]- versus [Fe3S4]-cluster formation
The assembly protocol was optimized with respect to previously
reported protocols as described in Materials and Methods. Since the
wild-type like peptide CBP incorporates a [Fe4S4]-cluster, the CBP
C27S was expected to coordinate a [Fe3S4]-cluster instead, according
to the effects observed after the introduction of serine to the protein
DmsB described by Rothery et al. [29], and was thus chosen for the
optimization of a [Fe3S4]-cluster assembly. The experiment was
followed as a function of the incubation time applied prior to the45 min puriﬁcation period. After a 300 min incubation time, a
complete precipitation of iron sulﬁde took place, as observed by the
loss of color of the reaction mixture. This ﬁnding is in contrast to
former reports in the literature that describe an overnight incubation
for the cluster assembly procedure [31]. Therefore, for our in-
vestigations the protocol had to be modiﬁed and the assembly
process was performed in a time-controlled manner. The incubation
time applied prior to the 45 min puriﬁcation period was varied
between 0 and 270 min; every 90 min aliquots were taken from the
assembly mixture and after puriﬁcation the sample was divided into
two aliquots; one was kept in the as-puriﬁed (oxidized) form and the
second one was reduced by addition of sodium dithionite.
As UV/Vis spectra of [Fe4S4]-clusters and [Fe3S4]-clusters are
nearly identical and do not allow a discrimination, EPR-spectroscopy
was employed for their further characterization, as it allows
determining the relative yields of the formed [Fe3S4]- and [Fe4S4]-
clusters on the basis of their different electronic and redox properties.
The [Fe3S4]-cluster in its oxidized 1+ form is paramagnetic (S=1/2)
with a nearly isotropic g-tensor, whereas in the reduced form [Fe3S4]0,
it becomes EPR-silent (S=2); a signal may sometimes be observed at
g~12 ascribed to the forbidden Δms=±2 transition [45]. Low
potential [Fe4S4] ferredoxins are diamagnetic in their oxidized form
(S=0), whereas in their reduced form they are paramagnetic (usually
S=1/2) exhibiting spectra with rhombic or axial symmetry
[40,46,47].
In Fig. 3 cluster formation is shown for CBP C27S as a function of the
incubation time (varied between 0 and 270 min) thatwas applied prior
to the 45 min puriﬁcation procedure. The EPR spectrum of the oxidized
sample of CBP C27S (Fig. 3a) consists of an almost isotropic signal with
g=2.01 characteristic of a [Fe3S4]1+-cluster, showing a successful
integration of a [Fe3S4]-cluster into the peptide. The lineshape is not
symmetric, additional features are present at g=1.96 and as low-ﬁeld
shoulders of themain line that reﬂect a variational distribution in cluster
conformations. Similar spectra have been previously reported for other
[Fe3S4]1+-clusters (e.g., ferredoxin II from D. gigas) [45,48]. An
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[Fe3S4]1+-cluster in CBP C27S reveals that it is a superposition of two
major components with different g-anisotropy, asymmetry and spin-
lattice relaxation behavior. This heterogeneity is most likely associated
with changes in the local cluster environment [46] and protonation/
hydrogen-bonding effects [49] that can cause mixing of the ground and
excited states of the three ferric spin-frustrated center.
Depicted in Fig. 3b are the spectra of dithionite reduced samples
analogous to the spectra of the oxidized samples shown in Fig. 3a. The
t=0 min spectrum exhibits signals that are reminiscent of a [Fe4S4]1+,
with principal g-values gx=1.89, gy=1.93 and gz=2.04. These are
identical to the [Fe4S4]1+-clusters described in the literature demon-
strating the presence of a [Fe4S4]-cluster in the peptide [25,50]. The
spectrum of the [Fe4S4]-cluster is overlaid on a broad background signal
that might originate from paramagnetic degradation products in the
sample solutions.
The double integration of the EPR spectra corresponding to the
oxidized and reduced iron–sulfur clusters has been plotted in Fig. 4 as
a function of the additional incubation time. A strong dependence on
the incubation time of the relative ratio of the [Fe3S4]- to [Fe4S4]-
cluster was observed, which was further used to optimize the
assembly protocol. Samples from the last time point (270 min) were
already affected by precipitation of iron sulﬁde. Thus, these data were
not considered for the assembly procedure and are not discussed
further with respect to the optimal assembly conditions.
The amount of the [Fe4S4]-cluster in the solution of CBP C27S
increases with extended incubation time, whereas the amount of the
initially formed [Fe3S4]-cluster decreases slightly but is shown to
remain relatively constant throughout the process. Double integration
of the EPR-signals showed a ratio of 36% [Fe3S4]-cluster to 64% [Fe4S4]-
cluster at 0 min, whereas a ratio of 4% [Fe3S4]-cluster to 96% [Fe4S4]-
cluster was observed after an incubation of 180 min. These calculated
values reveal a clear dependence of the [Fe3S4]- to [Fe4S4]-cluster ratio
on the additional incubation time applied for cluster assembly (see
curve in Fig. 4).
Form these data, it seems as if both types of cluster are formed
independently, with the [Fe3S4]-cluster being kinetically more
favorable; following the incubation time, its formation and degrada-
tion (or conversion into the [Fe4S4]-species) reaches an equilibrium
with a nearly constant amount until the experiment is compromised
by [FeS] precipitation (after about 300 min). The [Fe4S4]-cluster, on
the other hand, apparently is the thermodynamically more stable
structure that is kinetically less favorable and requires longer times to
be completed, as reﬂected by their increasing yield in solution withFig. 4. Relative yield of the [Fe3S4]- and [Fe4S4]-clusters in CBP C27S as a function of the
incubation time as obtained from double integration of the simulated EPR-spectra (note
that integration time t=0 refers to an overall preparation time of 45 min, see text).
Open circles correspond to the amount of [Fe3S4]-cluster formed in the oxidized sample
under anaerobic conditions at room temperature. Closed squares correspond to the
formed [Fe4S4]-cluster in the dithionite-reduced samples under the same conditions.
Experimental parameters are as described in Fig. 3.incubation time, until the precipitation stage is reached. One might
also propose that these clusters also slowly interconvert. The amount
of [Fe3S4]-centers could then be maintained by the assembly of new
clusters in the presence of excess peptide in the reaction solution and
result further in a constantly increasing amount of the slowly formed
[Fe4S4]-clusters. It is concluded that an optimal yield of [Fe3S4]-
clusters can be obtained when the puriﬁcation of the assembly
mixture is performed directly after addition of the last assembly
reagent without any further incubation. Based on this time-depen-
dent protocol, all measurements performed in the following were
carried out without an incubation prior to the ﬁnal puriﬁcation
procedure (t=0).
3.4. Inﬂuence of point mutations on the type of incorporated cluster
The initial assembly experiments were carried out with the CBP
C27S construct. Further-on, all other modiﬁcations of the CBP peptide
that also showed cluster incorporation in the UV/Vis-spectra, were
analyzed by EPR for determining the type of incorporated clusters. For
each peptide both an oxidized and a reduced sample were examined
in order to quantify the relative amounts of the [Fe3S4]-clusters
(oxidized) and [Fe4S4]-clusters (reduced), present in the sample. The
principal g-values of the formed clusters in all mutants, assembled by
the previously described protocol (incubation time of t=0) are
collected in Table S3 of the Supporting Information.
The g-values obtained are typical for [Fe3S4]1+ and [Fe4S4]1+-
clusters [21,40,46,51,52], and thus provide direct evidence for the
cluster formation. The g-values for the wild-type like CBP and the
mutated peptides are very similar. The small deviations likely result
from the different effects of the various amino acids (size, polarity,
hydrophilic properties) on the overall geometrical structure of the
cluster. For the oxidized and dithionite-reduced peptide CBP EPR-
spectra are shown in Fig. 5.
This spectrum demonstrates that the peptide CBP leads almost
entirely to [Fe4S4]-cluster formation (98%). This correlates with the
results of a reaction performed with a model peptide, which is
proposed to incorporate a [Fe4S4]-cluster in PsaC [24]. The percentage
of [Fe3S4]-cluster (2%) is so low in this experiment that it can be
considered negligible. Formation of the [Fe4S4]-cluster is consistent
with the behavior of the full-length DmsB protein and indicates a
similarity between synthesized peptide and native protein.
Fig. 6 compares the EPR spectra obtained of the oxidized and
dithionite reduced CBP samples for mutants, in which cysteine 27,
located in the middle of the binding motif, was replaced by either
serine or tyrosine. First, a signiﬁcant difference in the total yield of
incorporated clusters was observed. There is an about 8 times
decrease in the EPR signal intensity of the CBP C27Y peptide compared
to the CBP C27S. As serine has a small side chain, which is comparable
to cysteine but unlike the sterically demanding phenolic group of
tyrosine, it may be concluded that the size of the amino acid side chain
is likely to be decisive for the lower yield of cluster formation.Fig. 5. EPR-spectra of CBP for an incubation time of 0 min. Black line: oxidized sample;
gray line: dithionite reduced sample. For experimental parameters refer to Fig. 3.
Fig. 6. EPR-spectra of (a) CBP C27S (see also Fig. 3) and (b) CBP C27Y for an incubation
time of t=0 min. Black line: oxidized sample; gray line: dithionite reduced sample. The
low signal-to-noise ratio of the spectra of CBP C27Y is due to the lower overall cluster
formation yield. Experimental conditions are as in Fig. 3.
Fig. 7. EPR-spectra of (a) CBP C4F and (b) CBP C4Y for an incubation time of 0 min. Black
line: oxidized sample; gray line: dithionite reduced sample. The low signal-to-noise
ratio in the spectra of CBP C4F is due to the lower overall cluster assembly. Experimental
conditions are as in Fig. 3.
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an increased amount of [Fe3S4]-cluster in comparison to the CBP.
Double integration of the signals yielded a cluster ratio of 36% [Fe3S4]-
cluster to 64% [Fe4S4]-cluster for CBP C27S and a ratio of 22% [Fe3S4]-
cluster to 78% [Fe4S4]-cluster for CBP C27Y. Despite the much lower
overall yield for the C27Y variant, which makes a quantitative
statement difﬁcult, both hydroxyl-carrying amino acids seem to
allow a higher formation of the [Fe3S4]-cluster, indicating that the
highly ﬂexible peptide is able to compensate steric constraints.
Interestingly, the CBP C27S is found to form a [Fe4S4]-cluster by
approximately 64%. It thus shows a fairly different assembly behavior
than the wildtype-peptide CBP with the native cysteine in position 27,
which assembles exclusively a [Fe4S4]-cluster (98%). Considering that
serine and cysteine only differ in their side chain functionality
(hydroxyl- versus thiol-group), the different afﬁnity for the fourth
iron atom has to be ascribed to the presence of either SH or OH group.
The incorporation of the fourth iron atom is clearly more favored by
the thiol-group than by the hydroxyl-group. This effect might be due
to the much higher pKa of serine (~16) compared to the pKa of
cysteine (~8.4) resulting in a much easier deprotonation of the
cysteine residue [53–55].
In ferredoxin-type proteins cysteine to serine or aspartatemutations
– involving the second cysteine (i.e. Cys 27 in CBP) – result in an
incorporation of a [Fe3S4]-cluster instead of the native [Fe4S4]-cluster
[29,56]. However, there are also biological examples for serine
functioning as a fourth ligand to a [Fe4S4]-cluster. Mutations of a
coordinating cysteine to a serine in the Fx of PSI [57–59] and in the E. coli
fumarate reductase [60] result in the incorporation of a [Fe4S4]-cluster
with S=1/2 and with S=3/2 spin ground states, respectively,
dependent on the cysteine ligandmutated. For the case of ourmaquette
CBP C27S assembly of a signiﬁcant amount of [Fe4S4]-clusters (approx-
imately 64%) was observed, but it is not clear, whether the serine itself
acts as a ligand to the cluster or whether it creates a surrounding for
stabilization of the latter by a water molecule or a mercaptoethanol
ligand. The coordination of an iron atom, which requires previous
deprotonation of the coordinating residue, can in general be better
promoted by cysteine than by serine, as reﬂected in the case of CBP, in
which formation of a [Fe4S4]-cluster is favored. Furthermore the
hydroxyl-group of serine may interact more strongly with surrounding
water molecules and other peptide molecules in the assembly mixture
and may thus be less available for iron coordination, leading to an
increased amount of [Fe3S4]-cluster assembled in CBP C27S.
In addition to modiﬁcations introduced in the position of cysteine
27, located within the binding motif CxxCxxC, modiﬁcations of the
cluster coordinating cysteine in position 4 (see Fig. 1) were also
investigated. The cysteine 4 is located further away from the binding
motif and should therefore have less impact on the cluster formationcompared to the cysteines inside the binding motif. EPR spectra of the
peptides CBP C4F and CBP C4Y are shown in Fig. 7.
The lower yield of cluster assembly in CBP C4F compared to CBP
C4Y (as reﬂected by an about 10 times decrease in the EPR signal
intensity) maybe related to the missing fourth cluster ligand in the
phenylalanine mutant, which could complicate cluster formation
overall. While insertion of phenylalanine in position 27 led to the
complete loss of cluster formation (see above), insertion of this
amino acid in position 4 still gave a small amount of clusters in the
sample (b10%). This suggests that β-mercaptoethanol, present in the
reaction mixture, or even a water molecule might ligate the fourth
iron. Alternatively, another cysteine residue, e.g. from another
peptide, might also act as the ligand. The spectrum for CBP C4Y
(see Fig. 7b) shows a wild-type like behavior in the cluster assembly
forming 97% [Fe4S4]- and only 3% [Fe3S4]-cluster. This is probably
due to coordination of the fourth iron atom by the (deprotonated)
tyrosine. This interaction is absent in CBP C4F, which carries the non-
polar phenylalanine side chain in position 4 that may allow for a
higher ratio of [Fe3S4]- to [Fe4S4]-cluster (20% Fe3). One has to keep
in mind, however, that this variant only incorporated iron–sulfur
clusters by ca. 10% of the overall yield found for most of the other
peptides.
Additional experiments with peptides CBP, CBP C27S and CBP
C4F, into which a second mutation was introduced (F16W), all
exhibited a wild-type like behavior, i. e. they incorporated [FeS]-
clusters with good yield and gave 96–97% [Fe4S4]- and only 4–3%
[Fe3S4]-clusters (data not shown). These ﬁndings demonstrate that
a change of phenylalanine 16 to tryptophan, which is distant from
the binding motif (Fig. 1), has a considerable inﬂuence on the yield
and type of cluster formed. Tryptophan is less hydrophobic
compared to phenylalanine thus affecting the solvent accessibility
and the folding of the peptide (note that this exchange is located
close to the stabilizing short antiparallel ß-sheet region). Further-
more it may also cause additional structural strains, due to its
larger size. Similar examples have been reported, e.g., in case of the
nitrogenase Fe protein, where a single mutation of a phenylalanine
to a tryptophan led to a decrease in the midpoint potential of the
[Fe4S4]-cluster, which was associated with changes that affect the
hydrogen bonding situation in the cluster surrounding [61]. In the
case of the CBP, it appears that due to its small size such a
substitution strongly affects the folding, solvent interactions and
hydrogen bonding as well as possible interactions with other
peptide molecules. This surprising result demonstrates that even
minor changes in the highly ﬂexible structure of the cluster binding
peptide can have a great impact on the cluster formation by
promoting coordination of the fourth iron atom. This might be due
to changes in the peptide structure, thereby allowing for
Fig. 8. Ratio of [Fe3S4] to [Fe4S4]-clusters formed in the different peptides. Closed circles
(bottom) denote the peptides that showed a good overall yield in incorporating iron–
sulfur clusters, see text. A lower overall cluster incorporation yield was observed for the
CBP C27Y and CBP C4F variants (open circles), approximately 10% of the yield of the
other CBP cases (closed circles).
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mercaptoethanol or a neighboring peptide molecule.
The variations in the ratio of [Fe3S4]- relative to [Fe4S4]-clusters
formed in the different peptides, are summarized in Fig. 8.
3.5. Mechanism of iron–sulfur cluster formation
The observed dependence of the [Fe3S4] to [Fe4S4] ratio on the
peptide modiﬁcations as well as the overall cluster incorporation in the
different peptide variants led us to reconsider themechanism proposed
in the literature by which iron–sulfur clusters in maquettes are
assembled. The most common theory [62,63] assumes that during the
assembly procedure a [Fe4S4]-cluster is preformed (under in vitro
conditions) with β-mercaptoethanol as initial ligands. After complete
formation of the cluster, the protein or peptide should then replace the
β-mercaptoethanol ligands, preserving the initial cluster conﬁguration.
Such anassemblymechanism,however, is incompatiblewith the results
described in the present work. If the interaction between cluster and
protein/peptide were to take place after complete formation of the
[Fe4S4]-cluster no detectable inﬂuence of the peptide sequence
modiﬁcation on the ratio of formed [Fe3S4]- to [Fe4S4]-cluster would
be observed. It is thusmore plausible that interaction of the peptide and
the iron ions of the cluster starts to occur before the cluster is completely
built and coordinated, accounting for the inﬂuence of the peptide on the
cluster formation that we observed. To conﬁrm this hypothesis, several
complementary experimentswere designed and carried out. Surely, the
conserved, strongly ﬁxed CxxCxxC motif that acts as a clamp is the
nucleation point for the cluster formation.
(i) In a ﬁrst control experiment, an assembly reaction identical to
the standard protocol was performed but without addition of
the peptide. No cluster formation could be observed in this case
and only an immediate precipitation of iron sulﬁde after
addition of the last assembly reagent took place, in complete
contrast to the experiment performed in the presence of
peptide, showing a stabilizing effect of the peptide that is
crucial for cluster assembly.
(ii) In a second experiment, a chemically pre-synthesized cluster,
(Et4N)3[Fe3S4(SEt)4] [35], dissolved in the minimum amount of
acetonitrile to prevent precipitation, was added to the peptide
solutions of CBP C27Y and CBP C27F. In the case of the iron–
sulfur cluster being already preformed in the absence of
peptide, as previously proposed [62,63], a cluster should be
detectable by either UV–/Vis- or EPR-spectroscopy. For both
peptides only a precipitation of iron sulﬁde was observed and
no cluster coordination could be demonstrated by EPR-spectroscopy. We have shown that the CBP C27Y forms a
cluster following the routine assembly conditions (Figs. 3, 6).
The failure to incorporate the synthetic cluster in these
peptides indicates the inability of the peptide to replace the
initial ethanethiol ligands (ethanethiol can be considered
identical to ß-mercaptoethanol with respect to its ligating
properties). Since the synthetic cluster is ligated by ethanethiol
that is proposed to provide the initial ligands [62,63], the
present result allows the suggestion that the proposed
mechanism of stepwise ligand replacement from the initial β-
mercaptoethanol to the peptide is unlikely to take place.
(iii) In a ﬁnal experiment, it was attempted to remove one of the
iron atoms from an already incorporated [Fe4S4]-cluster under
oxidizing conditions as described by Moura et al. [19]. In that
study, addition of a ferricyanide (K3Fe(CN)6) solution removed
one iron atom from the [Fe4S4]-cluster in Desulfovibrio gigas
Ferredoxin I to yield the Desulfovibrio gigas Ferredoxin II. In our
peptide experiments, an immediate oxidative destruction of
the cluster was observed upon addition of the K3Fe(CN)6-
solution. This effect is probably due to the short peptide
sequence that, contrary to the ferredoxin, is not able to
sufﬁciently shield the cluster from the oxidative damage effects
of ferricyanide. Thus, formation of a [Fe3S4]-cluster by remov-
ing the fourth iron atom from a pre-built [Fe4S4]-cluster is not
possible for small-size maquettes.
All our results are consistent with a mechanism that differs from
the common proposal of a pre-formed mercaptoethanol-coordinated
[Fe4S4]-cluster that is incorporated into the protein or peptide by
ligand replacement [62,63]. We have demonstrated that the peptides
are capable of coordinating a cluster. The cluster assembly in our
experiments is shown to depend solely on the interaction between
the peptide and the iron ions in the assembly solution. The peptide
provides stabilization, as immediate precipitation of iron sulﬁde was
observed in a solution without the peptide. This effect might be
associated with an interaction of the peptide thiol groups and the iron
atoms from the solution. Therefore we favor a mechanism where,
according to the given binding motif (CxxCxxC), the optimal
geometry in combination with the interaction between the peptide
thiol groups and iron atoms in solution initiates the cluster formation,
which is then completed by the remote fourth cysteine (here Cys-4).
The peptide is proposed to coordinate the iron atoms successively and
to fulﬁll the steric requirements for cluster formation with the sulﬁde
ions in solution, most likely facilitated by the high ﬂexibility of the
short peptides.
Our experiments have also shown that the ﬁnal (stable) product of
the maquette assembly is in all cases a [Fe4S4]-cluster. A [Fe3S4]-
cluster appears to be an intermediate species in this process that can
only be trapped under speciﬁc conditions; clearly, the type of
available coordinating ligands as well as the interplay between
kinetic and thermodynamic factors determine its stability. Further-
more, the [Fe4S4]-cluster is also not stable under anaerobic conditions
in solution, since – at least in some peptide variants – a precipitation,
i.e. formation of iron sulﬁde is observed.
4. Summary and conclusion
In the present work we have designed a short peptide sequence of
33 amino acids that is shown to incorporate [FeS]-clusters with a fairly
good yield by employing an optimized assembly protocol, giving
special emphasis to most anaerobic working conditions. The cluster
binding-peptide is a short maquette adopted from the [Fe4S4]-cluster
binding site of DMSO reductase. It is assumed that the formation of the
[FeS]-cluster involves only a single peptide as in the native system.
Based on this assumption, point mutations in this model system were
performed. We studied the yield of iron–sulfur cluster incorporation
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cluster-coordinating cysteines on cluster formation.
Whereas mutations of the central cysteine residue within the
CxxCxxC binding motif, to amino acids with non-polar side chains
are tolerated in the native protein, in the case of the maquettes
introduction of phenylalanine, valine, and tryptophan in position 27
completely abolishes cluster formation. This identiﬁes Cys-27 as a
crucial amino acid for iron–sulfur cluster assembly. Introduction of
amino acids with polar side chains such as serine, tyrosine and
threonine led to formation of [FeS]-clusters with varying yields,
showing that the polarity of the side chain in this position is
important for the cluster stability. It can be speculated that the
hydroxyl groups could replace the thiol in the ligation of the iron in
special cases. For this process a deprotonation of the amino acid is
necessary, i.e. the pKa value will play a role — in addition to steric
restrains imposed by the different size of the residues. In the case of
serine, iron–sulfur clusters were assembled with a good yield.
Initially (no additional incubation time), a relatively large incorpo-
ration of a [Fe3S4]-cluster is observed. This is likely correlated with
the replacement of Cys at position 27 by serine. Alternatively, could
also be related to the less availability of this residue for coordination
due to e.g. strong hydrogen bonding interactions with solvent
molecules or have other reasons. With prolonged incubation times
the amount of [Fe4S4]-clusters formed increases and prevails over
the [Fe3S4], showing that formation of the [Fe4S4] is strongly time-
dependent, most likely requiring larger reorganization and confor-
mational changes for the incorporation of the fourth Fe atom. On the
other hand, replacement of Cys-27 by tyrosine leads to a strongly
reduced overall yield of [FeS] cluster formation that may be
attributed to the larger size of this amino acid. As position (27) is
located in the middle of the canonical motif, steric constraints need
to be considered. In this case, initially some [Fe3S4]-cluster formation
has also been observed. The ﬁndings are different from those
obtained for the native protein, where these mutations lead to
formation of a stable [Fe3S4] instead of a [Fe4S4]-cluster.
In a second set of mutations, Cys at position 4 was replaced by
Tyr and Phe. This position lies outside of the CxxCxxC binding motif,
but is believed to be important for the generation of the [Fe4S4]
cluster, if dimerization of two peptides is considered unlikely. In
case of phenylalanine only a small yield of FeS cluster formation is
observed as compared to the intact CBP, indicating that formation of
the maquette is probably an intramolecular process, i.e. it involves
only a single peptide. The very small proportion of Fe3 clusters
formed may be explained by the missing fourth Cys, and the fraction
of [Fe4S4] clusters by ligation of this iron through a ß-mercap-
toethanol or water ligand. Introduction of tyrosine instead of
cysteine in position 4 of the maquette leads to a wild type (CBP)-
like behavior, i.e. good yield of [FeS] centers and almost entirely Fe4
cluster formation. Obviously in this case the greater ﬂexibility of the
amino acid at position 4 facilitates coordination with the tyrosine —
in contrast to position 27 that is more spatially constrained.
However, it cannot be excluded that another ligand is coordinating
the fourth iron ion.
In addition to the Cys mutations we have also changed the Phe at
position 16 to Trp. This seems to be a crucial position, since this led to
quite drastic and unexpected changes in cluster formation and
stability. Trp is somewhat larger, certainly more polar and can form
hydrogen bonds with the surrounding and with water molecules.
Thereby the structure, ﬂexibility and the [FeS] formation process
could be affected. For mutation C27S/F16W a wild type behavior was
obtained, i.e. the initial formation of the [Fe3S4]-cluster was no longer
observed. Astonishingly, for C4F/F16W the same effect was detected.
Since Phe in position 4 cannot act as a ligand to form the [Fe4S4]-
cluster it must be assumed that in this case the peptide structure has
changed to allow a facile coordination of a fourth iron ion. Possible
candidates for ligation are again ß-mercaptoethanol or water— but inthis case it can not be excluded that a Cys from a second peptide
molecule is coordinating the iron.
Our ﬁndings are consistent with an iron–sulfur cluster assembly in
the maquettes that results from a successive coordination of the Fe
ions by the peptide and is different from the one proposed to occur in
native proteins. From our experiments it is clear that formation of
[Fe3S4]-clusters in designed maquettes with a limited number of
amino acids is very difﬁcult since the ﬂexibility (folding behavior) of
the small peptide in most cases precludes a formation of the
thermodynamically less stable [Fe3S4]-clusters. It is noteworthy that
we have succeeded in several cases to trap [Fe3S4]-clusters and were
able to study them by EPR techniques. A further characterization is
currently underway in our laboratory.
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